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The longstanding problems of quantum chromodynamics (QCD) as an SU(3)C gauge theory, the
confinement mechanism and Θ vacuum, can be resolved by dynamical spontaneous symmetry break-
ing (DSSB), which is essential in generating masses of gauge bosons and hadrons. The confinement
mechanism is the result of massive gluons and the Yukawa potential provides hadron formation.
The evidences for the breaking of discrete symmetries (C, P, T, CP) during DSSB appear explicitly:
baryons and mesons without their parity partners, the conservation of vector current and the partial
conservation of the axial vector current, the baryon asymmetry δB ≃ 10
−10, and the neutron electric
dipole moment Θ ≤ 10−9.
PACS numbers: 11.15.Ex, 12.38.-t, 11.15.Tk
Quantum chromodynamics (QCD) [1] with quarks and
gluons as fundamental constituents is recognized as the
fundamental dynamical theory for strong interactions.
One of the longstanding problems is however how to man-
age QCD in the low energy region. The difficulty in treat-
ing QCD at low energy or long range comes from the fact
that the coupling constant becomes so strong that con-
ventional perturbation theory fails and confinement takes
place in this limit so that the free quark and gluon par-
ticles are not observed. Another longstanding problem
of QCD is the Θ vacuum [2], which is a superposition
of the various false vacua, violating CP symmetry. This
paper attempts to solve the problems nonperturbatively
in terms of dynamical spontaneous symmetry breaking
(DSSB) from QCD, to demonstrate that QND as an
SU(2)N × U(1)Z gauge theory for nuclear interactions
originates from QCD as an SU(3)C gauge theory, and to
propose that QND for nuclear interactions is the analo-
gous dynamics of the Glashow-Weinberg-Salam (GWS)
model as an SU(2)L×U(1)Y gauge theory [3]. The DSSB
mechanism is here adopted to strong interactions char-
acterized by gauge invariance, physical vacuum problem,
and discrete symmetry breaking. The DSSB mechanism
is different from the Higgs mechanism in the GWS model,
which has the problem in generating the fermion mass.
In this scheme, the only free parameter is the strong cou-
pling constant and several evidences for the violation of
discrete symmetries during DSSB are explicitly shown:
baryons and mesons without their parity partners, the
conservation of vector current and the partial conserva-
tion of the axial vector current, the baryon asymmetry
δB ≃ 10−10 [4], and the neutron electric dipole moment
Θ ≤ 10−9 [5]. Furthermore, the mechanism of fermion
mass generation and the quantization of intrinsic quan-
tum number are proposed as consequences of DSSB due
to the Θ vacuum.
The gauge invariant Lagrangian density for QCD with
the Θ vacuum [1,2,6] is given by
LQCD = −1
2
TrGµνG
µν +
∑
i=1
ψ¯iiγ
µDµψi +Θ
g2s
16π2
TrGµνG˜µν ,
(1)
where the subscript i stands for the classes of pointlike
spinors, ψ for the spinor, and Dµ = ∂µ − igsAµ for
the covariant derivative with the strong coupling con-
stant gs. Particles carry the local charges and the gauge
fields are denoted by Aµ =
∑
a=0A
a
µλ
a/2 with matri-
ces λa, a = 0, .., 8. The field strength tensor is given by
Gµν = ∂µAν−∂νAµ− igs[Aµ, Aν ] and its dual is G˜µν . In
the Lagrangian density, the explicit quark mass term is
not contained but the bare Θ vacuum term is added as
a nonperturbative term to the perturbative term. Since
the GG˜ term is a total derivative, it does not affect the
perturbative aspects of the theory. The Θ term appar-
ently odd under P, T, and CP operation. An axial current
anomaly [7] is taken into account and is linked to the Θ
vacuum in QCD [2,6].
The SU(3)C symmetry for strong force is dynamically
spontaneously broken to the SU(2)N ×U(1)Z symmetry
and then to the U(1)f symmetry [6,8]. The combination
of the confinement mechanism and Θ vacuum explains
the DSSB mechanism in QCD analogous to the Higgs
mechanism in electroweak theory [3,9]. The Lagrangian
density with the Θ vacuum term possesses all the known
interaction symmetries perturbatively but it does not
conserve discrete symmetries (P, C, T, and CP) . The
physical vacuum is not completely symmetric and DSSB
from the normal to physical vacuum takes place. This
scheme uses dynamical symmetric breaking triggering the
axial current anomaly [7] without introducing elementary
scalar fields. It aims to have DSSB with gauge interac-
tions alone such as the motivation of technicolor models
[10]. The concept of DSSB plays an important role in
mass generation in gauge theory which does not have es-
sentially free parameter. DSSB consists of two simultane-
ous mechanisms; the first mechanism is the explicit sym-
metry breaking of gauge symmetry, which is represented
by the color factor cf and the strong coupling constant
1
gs, and the second mechanism is the spontaneous symme-
try breaking of gauge fields, which is represented by the
condensation of color singlet gauge fields. Gauge fields
are generally decomposed by charge nonsinglet-singlet on
the one hand and by even-odd discrete symmetries on the
other hand: they have dual properties in charge and dis-
crete symmetries.
Four singlet gauge boson interactions in (1), apart from
nonsinglet gauge bosons, are parameterized by the SU(3)
symmetric scalar potential:
Ve(φ) = V0 + µ
2φ2 + λφ4 (2)
which is the typical potential with µ2 < 0 and λ > 0
for spontaneous symmetry breaking. The first term of
the right hand side corresponds to the vacuum energy
density representing the zero-point energy by even parity
singlets. The odd-parity vacuum field φ is shifted by
an invariant quantity 〈φ〉, which satisfies 〈φ〉2 = φ20 +
φ21+ · · ·+φ2N with the condensation of odd-parity singlet
gauge bosons: 〈φ〉 = (−µ22λ )1/2. DSSB is relevant for the
surface term Θ
g2s
16pi2 TrG
µνG˜µν , which explicitly breaks
down the SU(3)C gauge symmetry for QCD through the
condensation of odd-parity singlet gauge bosons. The
Θ can be assigned by an dynamic parameter by Θ =
10−61 ρG/ρm with the matter energy density ρm and the
vacuum energy density ρG = Ve =M
4
G.
The interaction amplitude in the presence of the gauge
boson mass is given by
M = −cfg
2
s
4
1
k2 −M2G
JµJ†µ (3)
where the gauge boson mass MG is inserted in the gauge
boson propagator. Parity or charge conjugation viola-
tions due to the condensation of the singlet gauge bo-
son must be taken into account for current densities
Jµ = [u¯γµu](c†3λ
ac1) and J
†
µ = [v¯γµv](c
†
2λac4) where ci
with i = 1 ∼ 4 represent local color charges. The color
vector current is conserved (CVC) but the color axial
vector current is partially conserved (PCAC) for strong
interactions just as the (V - A) current is conserved but
the (V + A) current is not conserved for weak interac-
tions. The effective coupling constant at the strong scale
is expressed in analogy with the phenomenological, elec-
troweak coupling constant GF =
√
2g2w
8M2
G
with the weak
coupling constant gw:
GR√
2
= − cfg
2
s
8(k2 −M2G)
≃ cfg
2
s
8M2G
(4)
where k denotes the four momentum. Similarly and cf
denotes the color factor cf . The gauge boson mass is gen-
erally reduced by the singlet gauge boson condensation
〈φ〉:
M2G =M
2
H − cfg2s〈φ〉2 = cfg2s [A20 − 〈φ〉2] (5)
where MH =
√
cfgsA0 is the gauge boson mass at the
grand unification scale, A0 is the singlet gauge boson,
and 〈φ〉 represents the condensation of the axial singlet
gauge boson. The charge factor cf used in (5) becomes
the symmetric factor with even parity for singlet gauge
boson and is the asymmetric factor with odd parity for
axial singlet gauge boson. The vacuum energy due to
the zero-point energy, represented by the gauge boson
mass, is thus reduced by the decrease of the charge fac-
tor and the increase of the axial singlet gauge boson con-
densation as temperature decreases. The essential point
is that both the charge coupling constant cfαs and the
vacuum expectation value 〈φ〉 make the initially mas-
sive gauge boson lighter. The confinement for the charge
electric field can be illustrated more rigorously by con-
sidering the Yukawa potential [11] due to massive gauge
boson. The Yukawa potential associated with the mas-
sive gauge boson is given by V (r) =
√
cfg2s
4pi
e−MG(r−lQCD )
r
which shows the short range interaction for low energy
gauge bosons. Gauge boson masses are respectively given
byMEW ≃ 102 GeV at the weak scale andMQCD ≃ 10−1
GeV at the strong scale. Effective coupling constants are
respectively given by GF ≃ 10−5 GeV−2 at the weak
scale and GR ≃ 105 GeV−2 at the strong scale. The ef-
fective coupling constant for strong interactions GR and
Fermi weak coupling constant for weak interactions GF
has the ratio GR/GF = (ΛEW /ΛQCD)
2 ≈ 106. The
gauge boson number density is given by nG = M
3
G:
nEW ≈ 106 GeV3 ≈ 1047 cm−3 at the weak scale and
nQCD ≈ 10−2 GeV3 ≈ 1039 cm−3 at the strong scale.
DSSB stages are given by SU(3)C → SU(2)N ×
U(1)Z → U(1)f symmetry for strong force. The elec-
tric charge quantizations are Qˆe = Iˆ3 + Yˆ /2 for the
weak force and Qˆf = Cˆ3 + Zˆc/2 for the strong force.
The mixing angle for strong interactions sin2 θR is the
indication to the DSSB of the SU(2)N × U(1)Z to the
U(1)f gauge symmetry just as the Weinberg angle for
weak interactions sin2 θW is the indication to the DSSB
of the SU(2)L × U(1)Y to the U(1)f gauge symmetry.
These mixing angles relate the strong coupling constant
to the coupling for massless gauge boson dynamics, αf =
αn sin
2 θR = αn/4 with the nuclear coupling constant αn,
and the weak coupling constant to the coupling for pho-
ton dynamics, αe = αw sin
2 θW = αw/4 with the weak
coupling constant αw, respectively. The charge mixing
angle is closely related to massive gauge boson and mass-
less gauge boson generation. In the phase transition pro-
cess of the SU(3)C → SU(2)N × U(1)Z → U(1)f sym-
metry, there are massive bosons A±µ =
1√
2
(A1µ ∓ iA2µ)
and B0µ = cos θRA
3
µ − sin θRA8µ. The fourth vector or-
thogonal to Bµ is identified as massless gauge boson:
Cµ = sin θRA
3
µ + cos θRA
8
µ with the mass MC = 0. Two
gauge fields Bµ and Cµ are orthogonal combinations of
the gauge fields A3µ and A
8
µ with the mixing angle θR.
The generators of this scheme satisfy the relation [12]
2
Qˆf = Cˆ3 + Zˆc/2 (6)
with the longitudinal component of the colorspin op-
erator Cˆ3 and the hyper-color charge operator Zˆc so
that the corresponding current density is presented by
jfµ = J
3
µ+j
8
µ/2. The interaction in the mixing charge cur-
rent can provide the relation gf = gn sin θR = gz cos θR =
gb cos θR sin θR is used.
During phase transition, the discrete symmetries of
time reversal (T), parity (P), and charge conjugation (C)
are violated so as to make matter particles massive: since
the product symmetry CPT remains intact, CP symme-
try is violated. These violations are analogous to the non-
conservation of the (V + A) current in weak interactions
and the axial vector current in strong interactions. The
breaking of discrete symmetries through the condensa-
tion of singlet gauge bosons causes the baryon-antibaryon
asymmetry with ΘQCD ≃ 10−12 at the strong scale. Dis-
crete symmetries are in general not broken perturbatively
but is broken nonperturbatively. The breaking of discrete
symmetries is supported by looking at the observation of
pseudoscalar and vector mesons while their parity part-
ners, scalar and pseudovector mesons, are not observable
at the strong scale; similarly, there is no baryon octet and
decuplet parity pairs. This resolves the U(1)A problem;
the absence of the U(1)A particle is due to the noncon-
servation of the color axial vector current. Singlet gauge
bosons condense in the formation of the hadron and the
condensation is relevant for the partial conservation of
axial vector current (PCAC)
∂µJ
5
µ =
Nfcfg
2
s
16π2
TrGµνG˜µν (7)
with the flavor number Nf and the conservation of vec-
tor current (CVC) ∂µJµ = 0: this is an example of parity
violation. C violation in baryon as three quark combi-
nation is shown in the number difference of the proton
and antiproton as observed in the baryon asymmetry of
the present universe; the baryon asymmetry δB ≈ 10−10
requires C, T, and CP violations. Based on observa-
tion, there is the tiny CP violation in the nonvanish-
ing electric dipole moment for the neutron dn = 2.7 ∼
5.2×10−16Θ e cm [5], which is reflected by the Θ vacuum
problem ΘQCD ≤ 10−9.
Massless gauge bosons (photons) as Nambu-Goldstone
(NG) bosons [13] are created during the DSSB. Mass-
less gauge bosons are the quanta of the radiation field
that describes classical light. Phase transition from
SU(2)L × U(1)Y to U(1)e gauge symmetry and phase
transition from SU(2)N × U(1)Z to U(1)f gauge sym-
metry produce massless photons with two transverse po-
larizations. They are massless excited modes associated
with the generators of the U(1)e gauge symmetry for
weak force and with the generators of the U(1)f gauge
symmetry for strong force. The explicit examples of
massless gauge bosons for strong force are the intrinsic
vibration modes in nuclear excitation with the typical
energies 0.1 ∼ 10 MeV as noticed by the gamma decays.
Massless gauge mode (photon) for the U(1)f gauge the-
ory originated from color charges has the coupling con-
stant αf = αs/16 = αn sin
2 θR ≃ 1/34, which is distinct
from the coupling constant αe = αw sin
2 θW ≃ 1/137
mediated by the photon for the U(1)e gauge theory.
However, the massless photon produced by the com-
bination of color and isospin charges has the coupling
constant αe ≃ 1/137 at strong scale; the conservation
of the proton number is the analogy of the conserva-
tion of the electron number. The analogy carriers over
to a correspondence between the theory of electromag-
netic radiation in thermal equilibrium and the theory
of color radiation in thermal equilibrium. Each har-
monic oscillator of frequency ω can only have the en-
ergies (n + 1/2)ω, where n = 0, 1, 2 · ·. This fact leads
to the concept of massless gauge bosons as quanta of the
color field whose state is specified by the number n for
each of the oscillators known as massive gauge bosons.
Massless gauge bosons mediate the Coulomb potential
(∼ 1/r) and the condensation of singlet gauge bosons
makes the confinement potential. The average photon
occupation number in the thermal equilibrium is given by
fp = 1/(e
E/T−1). Massless photons are quantized by the
maximum wavevector modeNγ ≈ 1029 and the total pho-
ton number Ntγ = 4πN
3
γ/3 ≈ 1088. The number density
of massless gauge bosons is given by nγ = 2ζ(3)T
3/π3:
nQCDtγ ≈ 1036 cm−3 at the strong scale.
The fine structure constant αs for strong interactions
is measured by several experiments [14]: αs(MZ) ≃
0.12 at the momentum of the Z boson mass q = MZ
and αs(q) ≃ 0.48 at the momentum of nuclear energy
q ≃ 300 MeV. Strong coupling constants for baryons
are αb = c
b
fαs = αs/3, αn = c
n
fαs = αs/4, αz =
czfαs = αs/12, and αf = c
f
fαs = αs/16 as symmet-
ric color interactions and −2αs/3, −αs/2, −αs/6, and
−αs/8 as asymmetric color interactions: cnf = sin2 θR
and cff = sin
4 θR. The color factors introduced are
csf = (c
b
f , c
n
f , c
z
f , c
f
f ) = (1/3, 1/4, 1/12, 1/16) for symmet-
ric interactions and caf = (−2/3,−1/2,−1/6,−1/8) for
asymmetric interactions. The symmetric charge factors
reflect intrinsic even parity with repulsive force while
the asymmetric charge factors reflect intrinsic odd parity
with attractive force. Asymmetric configuration for at-
tractive force is confined inside particle while symmetric
configuration for repulsive force is appeared on scattering
or decay processes. The color factors described above are
pure color factors due to color charges but the effective
color factors used in nuclear dynamics must be multiplied
by the isospin factor iwf = sin
2 θW = 1/4 since the proton
and neutron are an isospin doublet as well as a color dou-
blet. Nucleons as spinors possess up and down colorspins
as a doublet just like up and down strong isospins:
3
(↑
↓
)
c
, ↑=
(
1
0
)
c
, ↓=
(
0
1
)
c
. (8)
This implies that conventional, global SU(2) strong
isospin symmetry introduced by Heisenberg [15] is pos-
tulated as the combination of local SU(2) colorspin and
local SU(2) weak isospin symmetries [8]. Therefore, the
effective color factors are given by
cefff = i
w
f cf = i
w
f (c
b
f , c
n
f , c
z
f , c
f
f) = (1/12, 1/16, 1/48, 1/64)
(9)
for symmetric configurations. For example, the electro-
magnetic color factor for the U(1)f gauge theory becomes
αefff = αs/64 ≃ 1/137 when αs ≃ 0.48 at the strong
scale [14].
Matter mass generation has features represented by the
Θ vacuum, dual Meissner effect, and constituent particle
mass [6]. The matter mass is attributed from the dual
pairing process due to dielectric mechanism, which vio-
lates the gauge symmetry and discrete symmetries. The
relation between the gauge boson mass and the fermion
mass is given by
MG =
√
πmfcfαs
√
Nsd (10)
where Nsd is the difference number of even-odd par-
ity singlet fermions in intrinsic two-space dimensions.
The above relation stems from the dual pairing mech-
anism MG = g
2
sm|ψ(0)|2/mf , in analogy with electric
superconductivity, where |ψ(0)|2 = (mfcfαs)3 is the
particle probability density and gsm = 2πn/
√
cfgs =
2π
√
Nsd/
√
cfgs is the color magnetic coupling constant
according to the Dirac quantization condition [16]. The
particle number Nsd is the difference number between the
number Nss of singlet particles interacting with charge
symmetric configurations and the number Nsc of con-
densed particles interacting with charge asymmetric con-
figurations: Nsd = Nss −Nsc. The fermion mass formed
as the result of confinement mechanism is composed of
constituent particles: mf =
∑N
i mi where mi is the
constituent particle mass. In the above, N depends on
the intrinsic quantum number of constituent particles:
N = N
3/2
sd . For examples, N = 1/B with the baryon
number B for the constituent quark in the formation of
a baryon and N = 1/M with the meson number M for
the constituent quark in the formation of a meson. A
fermion mass term in the Dirac Lagrangian has the form
mf ψ¯ψ = mf (ψ¯AψV + ψ¯V ψA) where the mass term is
equivalent to a helicity flip. Vector fermions are put into
SU(2) doublets and axial-vector ones into SU(2) singlets.
In the dual pairing mechanism, discrete symmetries P, C,
T, and CP are dynamically broken due to massive gauge
bosons [6]. Electric monopole, magnetic dipole, and elec-
tric quadrupole remain in the matter space but magnetic
monopole, electric dipole, and magnetic quadrupole con-
dense in the vacuum space as the consequence of P viola-
tion. Antibaryon particles condense in the vacuum space
while baryon particles remain in the matter space as the
result of C and CP violation at the strong scale: the
baryon asymmetry δB ≃ 10−10 [4]. The electric dipole
moment of the neutron and no parity partners in hadron
spectra are the typical examples for P, T, and CP viola-
tion at the strong scale. The fine or hyperfine structures
of a fermion mass include spin-spin, isospin-isospin, and
colorspin-colorspin interactions due to intrinsic angular
momenta of SU(2) gauge theories:
△E ∝ αm ~si · ~sj
mimj
|ψ(0)|2 + αi
~ii ·~ij
mimj
|ψ(0)|2 + αs
~ζi · ~ζj
mimj
|ψ(0)|2
(11)
where αm, αi, and αs are respectively coupling constants.
The approach can be applied to investigate the masses of
hadrons, which justify the constituent quark model as an
effective model of QCD at low energies from this view-
point. If interactions due to colorspin and isospin contri-
butions are absorbed to the constituent quark mass, the
meson mass of the conventional constituent quark model
is obtained:
mm = m1 +m2 +A
~σ1 · ~σ2
m1m2
(12)
where ~σ1 · ~σ2 = 4~s1 · ~s2 = 1 for vector mesons and ~σ1 ·
~σ2 = −3 for pseudoscalar mesons are given and A =
8pig2s |ψ(0)|2
9 . By the same token, the baryon mass of the
conventional constituent quark model is obtained:
mb = m1 +m2 +m3 +A
′∑
i>j
~σi · ~σj
mimj
(13)
where A′ = 4pig
2
s |ψ(0)|2
9 . Since
∑
σi · σj = 4si · sj =
2[s(s+1)−3s(s+1)] with the total spin ~S = ~s1+~s2+~s3,∑
~σi · ~σj = 3 for decuplet baryons and
∑
~σi · ~σj = −3
for octet baryons are given. The constituent quark model
illustrates reasonable agreement in hadron spectra within
a few percent deviation.
This study proposes that the longstanding problems of
quantum chromodynamics (QCD) as an SU(3)C gauge
theory, the confinement mechanism and Θ vacuum, can
be resolved by dynamical spontaneous symmetry break-
ing (DSSB) through the condensation of singlet gluons
and quantum nucleardynamics (QND) as an SU(2)N ×
U(1)Z gauge theory is produced. DSSB in QCD is essen-
tial in generating masses of gauge bosons and hadrons.
During DSSB, common features in gauge theories appear:
massive gauge boson, massless gauge boson (photon) as
the NG boson, nonperturbative spontaneous breaking
of discrete symmetries, charge mixing angle, and cou-
pling constant hierarchy. GR is realized as the effec-
tive coupling constant for a massive gluon, GR/
√
2 =
4
cfg
2
s/8M
2
G ≈ 10 GeV−2 with the gauge boson mass
MG = MQCD ≈ 10−1 GeV, the strong coupling con-
stant gs, and the color factor cf . The condensation of the
singlet gauge field 〈φ〉 triggers the current anomaly and
subtracts the gauge boson mass,M2G =M
2
H−cfg2s〈φ〉2 =
cfg
2
s [A
2
0−〈φ〉2], as the vacuum energy. Spontaneous sym-
metry breaking in gauge theories is in this work extended
to dynamical spontaneous symmetry breaking mecha-
nism, which has only one free coupling constant, to gen-
erate gauge boson masses and fermion masses as well as
to explain nonperturbative discrete symmetry breaking
in strong interactions.
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